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Abstract 
How do design tools feedback material behavior to the designer?   Digital design tools in use by 
designers today provide a rich environment for design of form but offer little feedback of the 
material that ultimately realize that form.  This lack of materialism limits the value of the design 
tool and the exploration of the design space where material behavior provides important 
feedback to the designer. This study examines the modes and value of material feedback in 
design, illustrates the challenge with current tools and suggests enhancements to design tools 
to support material feedback. 
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Chapter 1: Introduction 
Background 
In the modern era, Architecting and Building have become two separate endeavors, separated 
by a chasm between an architect’s vision and the practicality of building within resource 
constraints.  This chasm is an artificial separation that requires time and effort to bridge and 
introduces risk, error and waste.  Digital tools are slowly bridging this chasm with technology, 
changing the nature and business of designing and building.  This is not simply an evolution in 
the efficiency of building, but a change in the way designs are realized.  The changes ripple all 
the way back to how designers work in the tools and how those tools inform the design.  To 
understand this change, we can examine the nature of the chasm and the relationship of the 
tools to the designer. 
What is the structure of the duality between designer and builder?  Jacque Heyman observes 
(Cardoso, 2006) that the structure of architectural practice set by Christopher Wren (1632-
1723) denotes the point in time that Designer and Builder were manifestly separated.  But 
examined in the larger context of design, there still exists a continuum of designers who 
manipulate form without considerations of physical constraints to designers who are intimately 
involved in exploring materiality.  The abstract idea of ‘craft’ could be considered the realm of 
intimate relationship and an acceptance of creative restrictions and unintended consequences 
of materials.  On the other end of the spectrum are the abstract designers who are qualitative 
or ignorant about the material used to instantiate their designs and require intense post-
rationalism to realize their works.   
Does computation promise to return the Architect/Designer to the role of Master-Builder, 
embodying both design and material knowledge, or in the complexity of today’s process is this 
unable to be captured in a single role?  Can computational tools bridge this complex inherent 
gap?  How can digital tools help a designer be materially responsive? 
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The Contribution 
This work investigates the use of feedback of material behavior to designers during the design 
process by decomposing the structure of these feedback channels and evaluating the value of 
this communication and the nature of constraint in design.  Design feedback is a large topic to 
investigate in this work and to narrow this scope I have strictly focused on the material 
properties of that feedback: Physical behavior and the limits to deformation.  I approach this by 
examining prior research, applying analysis techniques and doing several investigations into 
why tools available today do not provide an easily accessible way to get feedback on real 
material behavior.  Using the analysis and experience, I propose future enhancements to digital 
tools for use both in learning and professional design. 
I believe that we are on the cusp of design tools transitioning from the purely abstract basic 
object manipulation to more immersive simulation environments where the designer can 
explore the mechanics, material behavior, fabrication constraints and visualization directly in 
the design tool.  Many trends point to this future including the examination of design as a 
process, the advancement of digital rationalization and the availability of computers that can 
provide the required level of simulation.  There is caution also in this path, having this level of 
simulation in design tool doesn’t eliminate the need for professional engineering analysis or 
further rationalization. These tools will expand the designer’s ability to explore the design space 
while producing designs that are more easily rationalized and responsive to the material 
properties. 
While this paper uses architectural design as an example, the discussion and explorations apply 
to other areas where a similar design process is used. 
The Role of Feedback in Design 
Design involves a cycle of generation of possible solutions to a problem through pursuit, testing 
and refinement of solutions.   In this pursuit the designer has many tools available to them 
including their own experience, physical analogy, imagination, prototyping and, increasingly, 
digital tools.  What is common among all of these tools is the feedback the tool provides to the 
designer that they can use to refine the solution or spark new design paths.  To an extent, the 
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designer can choose the realm to explore the solution space in and can accept or reject use of 
feedback from the tool.  One of these choices is at what level of abstraction the designer 
chooses to work. 
 The role of the designer in this process is blurred between the idealized ‘fluid’ designer of 
abstract form and the practicality of realizing the form in a technically robust and economic 
way.   There is a necessity in design to be free from material constraints during certain phases 
but design itself should not be left without consideration of the instantiation of the form.  In 
the extreme, the gestural ‘psychograms’ of Coop-Himmelb(l)au are used to consciously 
decouple the learned behavior of the architect (including material constraints) from design 
(Oswald, 2006), but function as focal points as the design is rationalized.  The conversation with 
the ‘problem’ continues well after the abstract form is realized and designers who operate 
purely in the abstract hand off the problem of materialization to the next step of the process. 
At each stage of detailing a design, some part of the design process is happening.   Each team or 
person is going through a process of synthesis and resolution even if superficially or 
mechanically.  Smaller design processes are happening at the component level and constraints 
inform the level of detail above and below.  This refinement of the design needs feedback 
either emerging from the process or from past experience. 
Studies of designers through observation (Fricke, 1993) (Cross & Dorst, 1998) and through 
theoretical models of designing (Oxman, Theory and Design in the First Digital Age, 2006) have 
found a common set of activities in the design process which involve a feedback loop of 
analysis, synthesis and evaluation.  The process of evaluation and analysis is partially based on 
the designer’s experiential knowledge of the performance of the target design material (or 
selection of the material based on performance).   The elegance of the material responsiveness 
of the design is dependent on the experience of the designer as the available design tools give 
little explicit feedback of the material performance.  For designers with less experience with 
material, the material feedback loop requires multiple iterations of prototype or actual 
fabrication.  One of the elements of feedback provided in the design exploration is unexpected 
material behavior.   
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Architects are not free from unintended consequences of their designs especially early in the 
process during a fluid abstract design process.  The internal discussion and value of ‘sketching’ 
and the reflection in prototyping involves discovery and inventory of ideas, sometimes of 
unintended consequences to be embraced and emphasized or to be discarded or worked 
around.  This extends to the wider feedback loop of the engineer and builder post-rationalizing 
the design and the changes to the design required to resolve any problems. 
While material considerations are important to the design quality, they are also important in 
the real-world economic sense that most designs need to be built.  The process from getting 
from a design problem to a set of construction plans is costly.  Recent leveraging of digital tools 
has shown that there is real value in digital rationalization both for conventional building and 
new designs that push the envelope of construction practice. 
Pre/Post Rationalization of Materials 
With the emergence of intense digital modeling of designs and the effect on the materialization 
process, the value of simulating a design digitally in increasing fidelity to reduce uncertainty in 
later stages has been largely accepted. (Kieran & Timberlake, 2004)  Architecture is late to this 
concept and parallels are obvious to other industries adoption of digital modeling including 
aerospace and manufacturing.  Tools for Architectural modeling have been largely adopted 
from these industries. 
The value of digital modeling includes; reducing uncertainty in the fabrication of components, 
optimization of material cost and optimization of assembly sequence.  Projects that have 
leveraged digital modeling, most notable by Gehry Technologies, have proven effective 
simulations for architects to resolve complex sets of constraints in architecture including 
physical performance, cost and time.  Highly accurate digital models and simulation not only 
offer optimization techniques, but open up design exploration within constraints.  This is 
illustrated in work executed by Gehry and others (Shelden, 2002). 
This new process of architecting enables a more complex and rich ‘feedback’ mechanism and 
expands the range of both design and feasible building.  The tools are largely adopted from 
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engineering fields and research and development is still nascent in adapting these tools as a 
digital toolset for Architects.  How can the toolset develop to provide material feedback? 
Change to the design tools can’t be approached directly without examining the context in which 
the tools are used.  This is embedded in the nature of the design process and how digital tools 
fit into it.  Several areas of research have touched directly upon digital design tools and some 
historical research provides guidance as to why and how feedback is valuable in the design 
process.  
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Figure 1 - Oxman Digital Design Framework 
Chapter 2: Precedence 
While there is still some debate about what influence digital technologies have on the design 
process, there is increasing acceptance that digital tools change the nature of the design 
process.  To understand how digital design tools fit into material feedback in the design 
process, we look at theoretical frameworks of design, constraints in design, the value of 
rationalization  and examples of simulative design tools.  Throughout this discussion, we look 
at material feedback both in relation to design theory and actual practice. 
The convergence of design theory and digital design tools is evident in the increased attention 
in research, curriculum and conferences. Rivka Oxman has attempted to create a model of how 
digital tools fit into the designers process. 
Theoretical Frameworks of Design 
Theory of Digital Design 
Rivka Oxman (Oxman, Theory and 
Design in the First Digital Age, 2006) 
outlines a theoretical framework for 
considering digital design tools (see 
Figure 1).  This framework supports the 
idea that digital tools in design 
represent a different process and a new 
role for the designer.  Key to this 
framework is feedback, or interaction 
between the designer, the 
representation (or model), the performance of the model and the generative processes to 
create new models.   
Digital design tools change the design process, removing the designer from the role of sole 
conduit for information flow between these separate processes.  Instead, the designer becomes 
D
designer
P
performance
R
representation
G
generation
E
evaluation
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a mediator of the interaction process between the processes.  These processes can be directly 
connected through algorithms which the designer has interactive control over.  This is 
represented by connectors to the inner (direct manipulation) or outer (indirect manipulation) 
representations of the model, algorithm or process.   
Oxman argues, that digital tools change the interaction between designer and model.  Where 
does material feedback fit?  As an extension to this theory Oxman looks further into the new 
feedback loops, through control of performative and generative processes, that the designer 
has to interact with the model.  
Simulation Tools and Performative Design 
Recent work by Rivka Oxman (Oxman, Performance-based Design: Current Practices and 
Research Issues, 2008), outlines research and practice into ‘performative’ design methods that 
use tools to place the designer as mediator between the design and it’s context in a more 
dynamic way than traditional design.   A performative design tool is described as: 
- A responsive geometric model, with input parameters to change geometry 
- An evaluative process, for judging the performance of the model 
- An interface providing the designer interactivity with the model 
The experiment illustrated by Oxman is a simulation model driving a generative model 
indirectly allowing the designer to work towards achieving the overall goal (light transmission) 
using complex environmental inputs (sunlight and wind).  It is suggested that physical feedback 
of material properties is another contextual input into the designer’s computation tool.    
Oxman’s model will be revisited later in this work and related to material feedback.   This recent 
theory builds on work done prior to the extensive use of digital tools.  Earlier work touches 
upon the internal workings of the design process as well as the role of tacit and explicit 
knowledge.   
Material Knowledge and Designing 
Donald Schön in the Reflective Practioner (Schon, 1983) has provided a compelling theory of 
design developed through observation, as a designer’s ”conversation” with the problem.   In 
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reflective design, the designer posits a solution to a perhaps ill defined problem and tests the 
solution in the context of the problem and the problem ‘talks back’.  In this way, the problem 
itself is open to reframing and this enables the designer to work with both an open solution and 
fluid problem, working on both alternatively until the problem and solution are in agreement. 
Donald Schön applies the reflective design process across many different professional fields, 
showing that professions not traditionally considered design fields are using the design process 
to solve problems.  What do Schön’s observations mean in a digital environment? 
Schön identifies that designers cannot articulate what they know about their domain, but are 
still able to wield expertise in practice.  Of note is his observation: “Every competent 
practitioner can recognize phenomena – families of symptoms associated with a particular 
disease, peculiarities of a certain type of building site, irregularities of materials or structures – 
for which he cannot give a reasonably accurate or complete description” (Schon, 1983, p. 49) .  
This expertise is what separates great designers from neophytes.  Digital design tools offer an 
environment to codify some of these phenomena, so as to free the designer from expert 
rationalization to focus more on exploring the design space. 
One of the key channels of information in this process is the ability for the situation to 
communicate back to the designer.   The nature of this feedback can be visual or secondary 
measures of performance.  Material feedback is traditionally more exploited by crafts and 
trades people but has become distant for the Architect.  In the initial design phases using digital 
tools, the designer receives largely visual feedback that is richer than traditional paper based 
design feedback.  Secondary performance characteristics can also provide feedback as well as 
some specialized abstract feedback from tools such as lighting, area, volume or curvature 
analysis.  The feasibility of the actual materials used is left until prototyping or full scale 
mockup, which is similar to non-digital design. 
The designer could benefit from the material behavior “talking back” to the current design 
situation allowing the designer to use this knowledge during the digital design process.  
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The conversation between the problem and the solution the designer is exploring and 
mediating is defined by the constraints of the problem space.  Satisfying the constraints, 
directly by a design solution or by redefining the problem space is the primary goal of the 
design activity.  We can examine the nature of resolving constraints to understand how 
material constraints play into the design process. 
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Constraints in Design  
Material and fabrication constraints are just one type of constraint to a design.  Constraints 
may include cost, time, societal (legal) problems as well as thematic, aesthetic or geometric 
issues.  These constraints are complex and almost always too complex or conflicted to be 
mutually satisfied.  Herbert Simon, in Sciences of the Artificial (Simon, 1972) develops the 
concept of “satisficing” as way of describing the optimization of a problem considering the cost 
of the effort to find a solution.  Further research has widely accepted this as core human 
cognitive strategy. 
Often design freedom is limited by material constraints which leads either to rationalization of 
the design or a search for materials or systems of materials that will satisfy the desired design.  
Both of these strategies to satisfy the material constraints may artificially and rather generally 
restrict the designer’s freedom and may result in expensive post-rationalization of the design.   
Searching for solutions to constraints after the design is largely fixed is “post-rationalized” 
design.  Designing within material constraints is known as “pre-rationalized” design.  The range 
of rationalization, however, is continuous and the design is informed directly by the material 
constraints within the primary design process.  If the designer is to consider material, how do 
they learn how the material behaves? 
Learning of Material Constraints  
How does an architect learn to design within material constraints? Observation on a model 
scale in an academic class such as Digital Fabrication (MIT 4.510 Sass 2008) finds skilled 
designers going through iterations with various prototyping techniques to learn the constraints 
of the materials and fabrication process.  My experience of having previously learned the 
technique and material limits of the CNC router allowed me to observe the learning process of 
other students on this machine.  The design tools available do not offer material or fabrication 
feedback to the designer.   The act of fabrication, either in scale or full scale, is the primary 
feedback mechanism to the student.  One of the main factors in the success of the designs was 
related to the understanding of material and the fabrication process by the student during 
design process.  Apprenticeship through teaching, discussion and trial and error are necessary 
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for the designer to effectively use the material and fabrication technique.  Nothing can replace 
the direct feedback of fabrication experience, but understanding the design limitations early 
would accelerate the process. 
Very little is available as institutional knowledge of the process, relying instead on expert 
knowledge from the instructor, teaching assistants and shop technicians.  This exercise, while a 
good learning process, was a microcosm of the architectural environment.  In practice, 
architects learn how to design within constraints through the feedback provided by engineers, 
fabricators and construction firms. (Cuff, 1992). This learning is omitted from formal education 
and left until the apprenticeship of real practice.  This feedback is not supported well by the 
current toolset.   
What is the designers learning process?  We can look at successful theoretical models of 
learning through physical manipulation such as Constructionism and Constructivism. 
Constructivism and Constructionism 
Constructivism in education pioneered by Seymour Papert, advocates both physical and mental 
construction as learning tools.  The same cycle of design including experimentation of physical 
behavior and design is a component of this learning.  The evolution of Papert’s work largely 
executed at the MIT Media lab by Mitch Resnick (Resnick & Kafai, 1996) focused on early 
educational research in using physical artifacts as constructs to assist learning non-physical 
concepts.  This contrasts with engaging learning through physical feedback of actual, as 
opposed to representational, material.  Regardless of this difference in approach there is more 
to be learned by examining Papert’s and Piaget’s conceptual frameworks. 
It is of note that Constructionism does not exclusively focus on physical artifacts, but can use 
virtual artifacts, such as software systems, as well (Kafai, 2006). This would support the idea 
that building a digital model that provides rich feedback to the designer has a pedagogical 
significance similar to, but without the saliency of producing a physical artifact. 
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If learning material behavior is informal and left to apprenticeship, how do novice designers 
deal with the lack of knowledge?  One response is to simplify constraints by using material with 
uncomplicated properties and simplified fabrication techniques.     
Simplification of Material Constraints  
The materials of modern building have been abstracted and fluidized (steel, concrete, glass, 
plywood, etc.) and become homogenous from a design standpoint.  This simplification aids both 
design and fabrication.  It is difficult to determine the germination of this movement towards 
normalized material, but it is likely complex and may be a pre-digital strategy for simplifying the 
material complexity.   
Research by the MIT Design and Computation Group into simplified material sets or Single 
Material Assemblies (Sass, 2005), shows that simplifying the dynamics of material in design 
either through a reduced inventory of parts or material rules embedded in the logic of a 
grammar (Cardoso 2006) allows a reduction in the design complexity, fabrication and assembly 
effort. These efforts investigate other problems and are queries into building and assembly 
systems, but do not directly address material constraint knowledge in the design tool.  They 
often abstract the material constraints in a grammar which hides the material properties from 
the designer.  These studies require prototype or full scale implementation for the feedback of 
material behavior. 
If abstraction and simplification of material for the designer may be caused by the lack of tools 
to deal with the complexities of real material, what is the converse of this?   Can digital tools 
allow the designer to deal with the complexity of real material like a crafts person or artist who 
often designs with material as it is found or as it evolves?  Digital design tools can support 
design with models of irregular or unique material, either as a class or individual objects.  This is 
a vast reversal from abstract form design and then materialization. 
Digital Simulation of Natural Material 
Is this allowance for abstraction in design necessary with digital tools?  Can material responsive 
digital design consider material which is irregular and ‘found’?  What does this then allow as 
possibilities for design?  A recent lecture by Chris Williams (MIT Lecture “Engineering 
 18 
structures: art, geometry, mathematics and materials” 4/3/2009) showed the digitization of 
tree branches and their simulation in a design tool that provided direct feedback of an irregular 
material.  This example used the application Processing (www.processing.org) to simulate 
behavior and give the designer the ability to change the design and then see the effect of 
material behavior immediately.   This was highly intriguing to me as it instantly conjured 
buildings designed out of locally available materials that potentially need vastly less energy to 
transport and construct and offer new broad design possibilities.  Can modeling unique 
instances of natural materials allow new design possibilities?  This would be a productive 
marriage of digital technology and natural materials.   This digital simulated feedback is similar 
to the direct feedback of material manipulation of craft. 
Simulating complexity as part of the design process allows the designer to be more precise with 
the design and design closer to material and fabrication limits.  Skill with the material and 
dealing with complexity, without tools, already exists in experts.  The experts knowledge has 
substituted for the lack of material feedback.  
Expertise and the Complexity of Rationalization 
The design created without consideration of materiality has value in challenging the realization 
of the abstract design, but may miss exploring design areas that consciousness of the material 
open.  This is manifest in traditionally overbuilt or ‘safe’ designs and in counterpoint recent 
projects challenging the material.  These examples show that intimate knowledge of the 
material and thorough pre-rationalized analysis may allow challenging new designs that go 
beyond what many considered possible with existing use of materials.  These designs not only 
optimize material physical constraints but also economic constraints including construction 
sequencing.  Some of these tools are currently available, but typically not used as direct 
feedback to the form designer except through intermediaries (complex failure mode and effects 
analysis (FMEA) for instance) during post-design rationalization. 
The complexity of rationalizing a form is part of the challenge for the modern architect.  In the 
past, this challenge was simplified by relying on post-design rationalization.   The tools available 
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today for digital design offer methods to manage complexity within the designers control rather 
than rely heavily on post-design rationalization.  
“What is now becoming characteristic of complex and integrated design systems is the 
degree of individual control provided the designer in digital processes.  Thus the growing 
importance of user interface design, and the emerging significance of a highly design 
computation literate cadre of designers.” (Oxman, Theory and Design in the First Digital 
Age, 2006, p. 241) 
All designs have to go through a rationalization process to be realized, and in that process 
constraints in materials can be seen as design barriers or provide feedback to the designer to 
produce more materially responsive designs.  How can digital tools provide value in the 
rationalization process? 
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The Value of Rationalization 
To really be useful, material feedback earlier in the design process must have real value to 
projects.  In practical terms, it won’t be used unless it can reduce resources, shorten schedule 
or allow a wider scope.   
Project Management Value 
Any significant change to the architectural delivery process must affect one of the economic 
constraints of real world projects (cost, schedule or quality.  For illustration purposes, cost is a 
placeholder for cost, schedule or quality.)  Systems Project Management (SPM) looks at the 
general structure and process of decision making in the engineering process.   Methods 
supporting SPM are built on the well-supported theory that reducing risk drives economic gain 
(or avoidance of loss) in a project.  Reduction of risk can also be seen as reduction of 
uncertainty in the process. 
The later an unexplored decision is suspended in the process, the higher the risk of adverse 
effects on dependent entities and rework that it has.  Rework also has economic costs in a 
positively reinforced feedback loop that are not easily quantified and introduces a second order 
risk.  This can be shown by various Systems Engineering tools including Design Structure Matrix 
(DSM, see discussion later in this paper), System Dynamics models of rework loops and complex 
system dependencies.  
The management of risk across the design-build supply chain is complex.  It is well accepted 
that risk is core to the problem of efficiency.  The industry is structured to shift risk later in the 
supply chain and the builder has economic incentive to find unresolved decisions as late as 
possible in the process. (Kieran & Timberlake, 2004)  
This is not to say that suspension of design options do not have positive economic value.   
Leaving options open that have quantified consequences introduces a controlled amount of 
uncertainty which may be offset by the real value of the option.  Real Options is an economic 
measure of the future value of keeping an option unexercised.  This concept has proven 
valuable in contexts outside the market trading environment that it was developed in including 
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construction (Hengels, 2005)  (Guma, 2008) and other contexts. In this case design decisions 
that are kept open may have a real value in their delay. 
Concurrent engineering, recently adopted from other engineering fields, is enabled by fixed 
phased decision making during the design, engineering and delivery process.  In concurrent 
engineering, the project is time phased and specifications for some components or building 
sections are delivered to builders for execution before designs for other components are 
resolved.  This requires management of the decisions at critical interfaces to prevent rework 
from impacting the later delivery. 
A well executed integrated digital rationalization, which can also be viewed as an accurate 
simulation, reduces uncertainty in the realization of the project which may reduce cost and/or 
schedule.  
Digital tools reduce cost-schedule and resource use, but is this reduction evolutionary, like the 
use of automated construction equipment or is it truly a structural change to the way projects 
are executed.  We can examine this by looking at the structure of projects parameters.  
Project Optimization with Digital Tools 
 Does the use of Digital Tools for Rationalization change the fundamental structure of design-
build construction?  Will design tools that simulate material allow even more optimization?  To 
examine this we can consider the tradeoffs of the traditional process and whether the use of 
digital tools allows breaking of resource constraints. 
In Project Management the “Project Iron Triangle” illustrates the constraints of scope, schedule 
and resource in the execution of a project.  Within the same design concept and execution 
methodology, changing one factor involves compromise of another factor.  For example, 
increasing the scope without changing the structure of the design or project will cause 
expansion of cost, schedule or both.  To gain significant advantage, systemic architectural 
change to the process must break the equation between these factors.  Digital tools alter the 
structure of the design process, and allow control of alternative delivery of the project, like 
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concurrent design or optimized project synchronization.  Digital simulations, including material 
feedback, allow such a modification in structure of these main constraints to design execution. 
Design tools that provide highly rationalized and detailed models systemically change the 
economic chain of separate design and post-rationalization.  This does change the game, so to 
speak, and provide a new standard of efficiency for projects. 
The traditional supply chain encourages tension between designer and builder.  This business 
model, driven by the need to mitigate risk, creates inefficient communications, late conflict 
resolution and high degrees of uncertainty in the process.   Projects that have been successful 
in delivering highly accurate pre-rationalized digital models have shown in practice that this 
systemic change has real effect.  Digital models have also proven to bridge the gap between 
designer and builder, reducing the conflict and risk for both parties. 
Aside from the efficiency of using Digital Design tools to rationalize for material and reduce risk 
in the macro building process, we can examine the more intimate process of designing and how 
material feedback can affect design qualities.  
Value of Material Knowledge during Conceptual Design 
Nigel Cross (Cross N. , The Designerly Way of Thinking, 2007) has performed experiments 
showing how novice and exceptional designers solve design problems.  One component of the 
design success of expert designers is the inherent knowledge of the material properties and 
generic geometries.  This design knowledge of material performance accumulated through 
apprenticeship or trial and error is crucial to the skills shown at design. 
While material knowledge is needed for the rationalization of designs, some target material 
performance may be considered early in the design stage.  Cross (Cross, H, & Dorst, Design 
Expertise Among Student Designers, 1994) and Akin (Aiken & Lin, 1996) have observed, in 
controlled design cognition studies, that the quality of design may be correlated to the 
frequency of non-exclusive modal shifts between drawing, examining and thinking during 
exploration of conceptual design.  This suggests that tools engaged during this time of creative 
rapid shifting of strategies have a large effect the design solution.  Information flow in this 
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phase includes internal knowledge and external feedback from the design tool.  Including 
material properties and friction of information flow between the designer and tools would 
negatively impact the design solution.  
Some Architects have emerged as virtuoso in 
material use.  The elegance, daring and delightful 
use of the material is admired and imitated.  In 
these cases the exploration of design is highly 
integrated with their understanding of the material 
performance.  A classic example of this is the thin 
concrete structures of both Felix Candela and Heinz 
Isler1
Figure 2
 (Chilton, 2000) which are extremely thin and 
yet extremely strong. ( )   A direct, expert 
knowledge of the material by the designer drove the form finding of the design process. The 
designs are pre-rationalized with an expert knowledge of the material and geometry.  Other 
examples of expert use in design exist in steel, glass, wood and other materials and include 
both structural and aesthetic performance.  Of interest is that these designs were ‘engineered’ 
using physical generative calculating systems that gave the designer feedback about the 
performance of the design well before the availability of the equivalent digital tools. 
Existing Examples of Simulative Design Tools 
There are several applications that illustrate the potential of simulation feedback in a design 
environment.  These are different than traditional CAD and NURBS as well as analysis tools like 
FMEA and other ‘heavyweight’ simulation environments that require intense processing, post-
design structuring or expert knowledge to gain feedback. These tools are focused on solid body 
mechanics rather than material performance simulation.   
                                                     
1 Isler was an engineer by training and his process of form finding was deeply influenced by this.  His designs are 
largely functional and pure in structure, resulting from an application of physical experimentation or mathematics 
rather than pursuing an aesthetic vision.   This experience of form finding recalls the design of the Jaguar C, D, E-
Type by Malcom Sayer largely based on wind tunnel testing rather than any explicit effort of aesthetic. 
Figure 2 - Heinz Isler - Deitingen Service Station 
(Photo: Yoshito Isono 1997) 
http://en.structurae.de/photos/index.cfm?JS=94559 
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Dynamic Designer by Design Simulation Technologies (www.design-simulation.com ) is a 
professional tool for physics simulation (also embedded in Autodesk Inventor and Solid Edge. 
SpaceClaim by SpaceClaim Corporation www.spaceclaim.com is a product that is a simulation-
driven product development tool which embeds basic design operations that follow physical 
analogs such as push/pull, combine and cut with objects that have physical constraints.  This 
product does have some material manufacturing feedback for sheet metal folds and mold 
parting lines but does not provide material specific feedback. 
PHUN – Algoryx Software - Created at Umeå University, Sweden by Emil Ernerfeldt, Is an 
interactive physics simulator, where environments can be created that simulate two 
dimensional physics - www.phunland.com.  This has been further developed as Algadoo a 
commercial educational version.  A professional derivative of this is Algoryx Multiphysics Toolkit 
see www.algoryx.se  
Crayon Physics by Petri Purho – kloonigames - www.crayonphysics.com is very similar to 
PHUN/Algadoo but 
notable for the use of 
the tablet/pen 
interface and 
crayon/paper style to 
simulate both a 
traditional sketch and a 
physical simulation 
(Figure 3).  This 
environment is used in 
design puzzle solving 
game. 
  Figure 3 - Crayon Physics 2D Design Environment 
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Blender by Blender.org 
Another emerging 
market segment is for 
creative 3D graphic, 
gaming development 
and movie production, 
includes features that 
are different from 
traditional design tools 
and mimic the 
designer’s interaction 
with the physical 
material interaction much closer than traditional architectural design tools.  The best example 
of this is an open source project Blender – www.blender.org which has modes for NURBS 
manipulation that provide a “sculpt” mode. (Figure 4)  In this mod the software behaves like 
digital clay and that the designer can interact with in a natural way.  There are other features 
that allow draping of cloth, simulation of solid body physics and simple mechanics.  All these 
features are aimed at visual simulation, but the models could be used as design tools for actual 
rather than virtual production. 
  
Figure 4 - Blender Sculpture Mode 
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Chapter 3: Value : Discussion and Analysis 
What is the value of material feedback to the designer?  How can the structure of the 
feedback be analyzed?  I use several approaches, including relating this work into Oxman’s 
framework for Digital Design, Design Structure Matrix (DSM) and information flow diagrams for 
understanding the material feedback loop and assessing the value.  I discuss how material 
feedback is of importance to designers. 
Material Feedback in Oxman’s Framework 
There are three processes in Oxman’s Framework for design process that influence the 
representation (i.e. the model).  The processes can be directly connected to the representation 
(the digital design model) or indirectly mediated through the designer.  The modes for each of 
these processes can be influenced by the designer directly or indirectly through the definition 
of an algorithmic process. Oxman makes no distinction of the type of feedback to the process or 
to the designer. 
The three processes in Oxman’s framework that influences the designer’s manipulation of the 
design representation: 
Process Description Example 
Evaluation Process to evaluate form and feedback simple 
performance metrics 
Total Living Area, Material 
Usage, Overall Structural 
Performance 
Performance Process to evaluate form and feedback complex 
criteria, capable of driving form generation through 
performance 
Per design unit structural 
metrics, environment interaction 
(light, wind), detailed energy 
performance by geometry 
Generation Process to generate complex forms algorithmically, 
under control of the designer with input from 
complex data sources including performance 
Parametric ‘field’ based 
geometry 
 
 
 27 
How can each of these processes be influenced and influence material feedback? 
Evaluation returns simple metrics, based on the representational design and material feedback 
does not play into this mode.  As Oxman notes this is isomorphic with non-digital processes. 
In the digitally integrated performance 
process (Figure 5), the design representation 
is available to the process as a digital model, 
therefore allowing the evaluation process to 
not have to be an separate process 
interacting with the representation through 
the designer.  For design tools with material 
feedback, the performance loop would be 
more tightly integrated into a combined 
process and the feedback to the designer 
would be a combined stream of both representational and performance feedback in real-time. 
In tools available today, this is similar to geometry driven surface solutions like lofting, sweep 
and other NURBS geometry where the designer receives and can respond to geometry that is a 
response to the designers direct input. 
Material feedback is an introduction of an integrated representational and evaluative process 
that provides real-time feedback to the designer within the design tool rather than a separate 
process.  This is a computational equivalent of the Performance driven Representation that 
Oxman’s model represents, but embedded in the design tool.  This exposes more information 
to the designer during the exploration of the design and allows a tighter iteration through 
design alternatives.  
D
designer
P
performance
R
representation
G
generation
E
evaluation
i
i
i
Model of Digital Design 
Process from Rivka 
Oxman 
Direct Performance
Model
Figure 5 - Oxman Performative Process 
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The addition of material feedback (Figure 6) can be shown as a directly controlled driving 
geometry processed through a set of generational rules that encode the material behavior.  
This is unlike the external processes that Oxman models because it is embedded in the 
representation tools. 
D
designer
P
performance
R
representation
G
generation
E
evaluation
i
i
i
Model of Digital Design 
Process from Rivka 
Oxman 
Direct Performance
Model
i
Material Feedback
Model
R
Representation
Driving
Geometry
Responsive/
Visual 
Geometry
Generational Rules
(Material Behavior)
Figure 6 –Material Feedback in Oxman’s Digital Design Framework 
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Design Structure Matrix (DSM) Analysis of Design Flow 
To understand the dynamics of the design process and identify activities that require material 
knowledge, a Design Structure Matrix (DSM) models dependencies and iterative processes.  
This method was developed by Donald Steward (Steward, 1981) and refined for task analysis by 
Steven Eppinger (Eppinger & et.al., 1994, pp. 1-13). 
Cross has identified some characteristics of the cognitive design process (Cross N. , The 
Designerly Way of Thinking, 2007, pp. 99-116) that are similar to behavioral observations of 
Schön (Schon, 1983, pp. 76-104).  From these observations, the steps and flows taken during 
and surrounding the design process are related to material knowledge or feedback. 
The process always starts with a design problem, which may be ill defined or unexplored.  The 
process, for this analysis, ends at producing a rationalized design.  A rationalized design is one 
that can reasonably be materialized given the constraints of the problem, design and material 
strategy. 
To understand the process of producing a rationalized design, activities are divided into three 
phases:  Problem Discovery, Design Solutioning and Post-Rationalization.   
Problem Discovery is observance, requirements gathering from stakeholders or physical or 
legal constraints.  Problem Discovery may involve some exploration of the problem beyond the 
explicit constraints involving the architect forming early design intent.  
Design Solutioning is the core act of designing but remains dependent on both Problem 
Discovery for context and Design Rationalization for realization.  The end product is to produce 
a quality design that answers and refines the design problem. 
Design Rationalization is taking the Design Solution to a plan that can be realized within the 
constraints of the problem with available materials. 
It is important to note that these ‘steps’ in the process are artificially defined and that in a real 
world design processes, the designer rapidly and seamlessly shifts between these steps. 
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 Shown here is the prominent design steps with some variation and when material knowledge 
or feedback is most often leveraged to influence either the design or rationalization.  It is these 
rapid modal shifts in the design core processes (design solutioning) that represents the core 
designers cognitive process. 
 
Figure 7 - Design Process 
Figure 7 shows the steps (marked with red circle) where material knowledge or material 
feedback are most frequently used as input to the process.  The input can take several forms; 
either as implicit knowledge of the material behavior by the designer, feedback from the 
material itself from prototyping or actual scale building, or as this paper explores a simulation 
of material feedback in the design tool. 
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1 Discovery Phase
1.1 Observation of Apparent Goals/Constraints Analysis X
1.2 Discovery of Problem Space/Scoping Analysis X X X
2 Design Phase
2.1 Synthesis of Design Goals/Constraints* Synthesis X
2.2 Generation of Design Concepts, Conceptualization of Design Solution Synthesis X
2.3 Evaluation of Solution Fit with Goals/Constraints Evaluation X X X X
2.4 Refinement of Design Concept/Solution Focusing* Synthesis X
2.5 Generation of new Goals/Change of Constraints Synthesis X
2.6 Reframing of Problem Space/"Back Talk" Synthesis X
3 Rationalization Phase
3.1 Observation of Design Solution Analysis X
3.2 Refinement/Prioritization of Intent/Goals/Constraints* Analysis X
3.3 Generation of Material Solution to Design Concept* Synthesis X
3.4 Evaluation of Material Solution Fit with Goals/Constraints Evaluation X X X
3.5 Modification of Rationalization Strategy* Synthesis X
 
Figure 8 - DSM of Design Process 
When these steps are placed in a Design Structure Matrix (Figure 8), the dependencies of the 
early tasks can be seen in the linear processes above the diagonal and the iterative tasks below 
the diagonal.  Analyzing this DSM for loops, will show a rough ‘cost’2
                                                     
2 As each task could cost a different amount of effort, long loops are not always worse than shorter ones.  Because 
of the task granularity chosen, an assumption can be made that tasks are roughly equal effort. 
 to each interdependency 
in the tasks and possibilities for reductions in effort by resolving some iterative processes.  In 
the case of these tasks, smaller iterative loops are good because they create multiple 
refinements of the design.  Longer loops iterations may still be valuable, but more costly and 
should be minimized. 
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Figure 9 - Iterations of Length 1 – Using PSM32 tool  (Note that notation is inverted from the DSM in Figure 8) 
Analysis of the DSM for loops of length 1 (labeled as 2 in Figure 9) shows the looping in 
Discovery (1.1, 1.2), Refinement of the Design/Solution Focusing (2.3, 2.4) and in Rationalization 
(3.3, 3.4).  Loops of length 2 exists between 3.2-3.4 shown in dark blue.  The loops of length 1 
and 2 are relatively tight and inexpensive. 
The remainder of the loops are long (length 3 between 1.2, 2.2, 2.3, 2.6 and 2.2, 2.3, 2.5, 2.1) 
and other longer loops. 
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There are number of outliers away from the diagonals that are not resolvable by reordering 
tasks.  These represent the longer loops of information back flow to earlier tasks.  Partitioning 
the DSM by the major feedback  loops (Figure 10), yields the discovery loop (1.1, 1.2) torn by 
the “Back Talk” loop (4).  The main loop of 2.1-3.5 (in blue) which contains a small loop of 2.1 to 
2.5 which is the design loop.  There is also a rationalization refinement loop (not distinguished 
in the figure) between 3.3 and 3.4 and another between 3.2-3.4. 
  
Figure 10 - DSM Matrix – Partitioned 
In partitioning the DSM to show the major and minor loops (Figure 10) it can be seen that 
iteration through design loop of 2.1-2.5 (in pink) involves less rework than iteration through the 
rationalization loop 2.1-3.5 in blue.  Control over the partitioned information flow to minimize 
rework through this loop will yield a more efficient process.   
In terms of the design process, the DSM analysis can be interpreted as controlling the amount 
of design changes due to modifications of the rationalization strategy (tear labeled 4 in Figure 
10).  Leveraging material feedback in the rationalization strategy within the design loop can 
minimize the iterations through the rationalization loop. 
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Information Flow and Material Feedback 
Simple information flow diagrams can be used to map the communications of the various steps 
of Design and Making and will show the structure of the material feedback loop. 
Terminology 
Physical Instance – The physical product system being designed 
Designer – The actor that makes primary decisions about form and performance of the Physical 
Instance 
Maker – The actor primarily involved in implementing the design in a physical form 
Intermediary – A secondary step or information store in a process 
Diagram Primer: (information flow diagrams) 
Shapes (circles) are actors or objects 
Connecting lines are information flow with arrows indicating the direction of flow. 
I start by modeling existing modes of material feedback in design without consideration of prior 
knowledge by the actors of the material constraints (The Naïve Designer) or the mode of the 
model manipulation, either directly or through intermediate algorithmic process.  I will address 
these variations in later discussion. 
Craft Process 
Starting with simplest case in which a designer directly 
interacts with the object instance physically.  The Designer 
and Maker are the same actor.  The designer receives direct 
feedback from the physical material in the form of direct 
multi-mode sensory information.  There is a direct and 
continual material feedback from the Physical Instance to 
the Designer/Maker. This is equivalent to craft. 
 
Physical
Object
Physical
Manipulation
Material
Feedback
Designer/
Maker
Craft 
Process
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Intermediated Design Process 
The direct interaction of the Designer/Maker with the Physical 
Instance can be extended to the intermediated process of the 
Designer through a Maker to the Physical Instance.  This 
communications with a maker often involves an Intermediate 
Tool.  The generic intermediary tool is intentional as this 
diagram shows the process both for manual drafting methods 
and for using CAD as a design tool. 
Traditional CAD has been examined as just an ‘automated 
drafting table’ and it is this sense that is shown here.  
Traditional CAD is an enhancement to efficiency, but not a 
tool that changes the modes of information flow.  It allows 
feedback of geometric constraints and acts as a sketch would. 
In either case the intermediate tool that the designer 
manipulates is not a feedback mechanism for material 
constraints.  Manipulation of the intermediate tool is symbolic 
and a physical analog for the Physical Instance of the design. 
The maker receives Indirect Design Documents (Drawings) 
which are then interpreted by the Maker to Physical 
Manipulation of the Physical Instance. 
The material feedback look is typically returning through the 
expert Maker (Builder) as Making Constraints communicated from Maker to Designer (although 
there may be constraints fed back to the Designer directly from the experience with the 
Physical Object).  
Designer
Physical 
Instance
Symbolic
Manipulation
Geometric Constraints
Visual Feedback
Intermediate 
Tool
Indirect Design
Documents
Material Constraints
Maker
(Builder)
Physical
Manipulation
Making Constraints
(Material)
Traditional Design 
Process
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Digital Design Process – Separate Maker 
This diagram introduces a digitally intermediated 
process, rather than al paper or CAD based 
intermediary.  Now the designer is model building and 
the information transmitted to the composite Maker 
(Machine + Maker) is more exacting.  The expert Maker 
may modify the design for fabrication constraints and 
feed this back to the designer.  Material constraints of 
the Physical Instance are fed back through the Maker to 
the Designer. 
The primary change from the Traditionally 
Intermediated design process is that the Machine 
Fabrication introduces a more controlled level of 
expression of Physical Instance by the Designer.  The 
digital modeling also allows a richer manipulation of 
geometry beyond strictly analogous physical 
representation.  While rich modeling was possible in 
simple mediated case above, machine fabrication 
reduces the complexity of Making. 
Material constraints are still returned through the 
maker and fed back, along with Fabrication constraints 
to the Designer.  The added fidelity of digital fabrication 
increases the need for the information about the Material and Fabrication Constraints to the 
Designer. 
The role of the Maker could vary in this mode, from being a simple operator of the fabrication 
machine to being an active contributor in the detail of the fabricated components. 
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Traditional Design Process – Physical Prototyping 
The tradition of direct manipulation of real, 
simulated or scale materials early in the education 
of designers is accepted as being an important 
educational process and continues into practice.  
Digital simulation, rather than physical model 
building and prototype fabrication is changing this 
process.  The role of material feedback in 
traditional prototype making can be shown as a 
feedback mechanism that a substitutes for the 
lack of physical feedback in the full design 
process. 
This mode is, of course, equivalent to digital 
design with manual physical prototyping. 
Digital Design Process – Digitally Fabricated Prototyping 
In the case of the digital design process with 
physical prototyping the digital model that is 
used for prototype fabrication is used directly 
for fabrication of the physical instance.  This 
alters the mechanism for feedback to the 
designer from a direct feedback of the material 
to distinct feedback of prototype material, 
fabrication and assembly constraints.  This 
process is often a simulation of the full digital 
fabrication process, but reduces the cost and 
time to acquire feedback for design and 
rationalization changes.  
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In both the physical direct prototyping and prototype digital fabrication examples above the 
designer is the maker.  Separating these two roles as in the full digital fabrication process 
insulates the designer from the feedback of the prototyping process and dilutes the value of the 
feedback.   
In practice, where designers have built up expert knowledge of material and fabrication 
constraints, the direct feedback of the making process is of less value and frequently delegated 
to specialists.  The physical model becomes a visual feedback mechanism rather than a material 
one. 
Hybrid Form Design and Rationalization by Gehry 
Some designers, notably Frank O. Gehry (Shelden, 
2002), have used physical prototyping as a 
primary professional design tool within a digital 
environment.  Gehry’s cardboard and paper 
models as a primary design tool are not focused 
on real scale physical properties but the general 
form finding using the scale materials as proxy. 
These designs still require intense post-
rationalization to be realized.  The inaccuracy of 
the digitalization of the form also requires a 
partial rationalization from the modeling material 
to the digital model.  
The physical model however, functions as a 
physical “sketching” environment which allows the designer to rapidly change modes and react 
to material behavior.  Gehry’s designs are influenced by the way his model material (cardboard) 
behaves in his physical “sketching” environment.  This is a hybrid solution to the issue of 
material feedback in digital design tools. 
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Instance 
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Maker
Intermediate 
Tool 
(Digital Model)
Digital 
Model Making Constraints
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This need for rationalization has led Gehry to research technologies that allow efficient 
rationalization of designs with minimal compromise of form.  This rationalization has become a 
encoding of essential material properties, but remains relatively labor intensive and is 
frequently a post-design activity. 
Digital Design Process – Virtual Prototyping/Simulation 
By reducing the distance between the physical behavior 
and the designer by embedding simulation in the digital 
tool, the material feedback can come directly from the 
intermediate tool to the designer.  This enables the 
material behavior to become an integral input into the 
designer’s decision making inside the closely coupled 
design-decision environment. 
While this does not seem like a large leap, it is a 
significant change in feedback to the designer.  With this 
instantaneous feedback design decisions can be made 
incorporating the complex behavior of the material 
without resorting to complex scripting of form or 
extending outside the design loop to analysis tools.   
Simon and others have found that a high quality design process employed by expert designers 
uses closely coupled design inputs and rapid shifting of modes.  Reducing the distance of design 
inputs and enabling mode shifting within the digital tool encourages this design mode.  By 
reducing the feedback loop, digital simulation, increases the frequency and quality of feedback 
to the designer.   
The role of sketching in the design exploration process has been examined by Oxman, Simon 
(Cross N. , The Designerly Way of Thinking, 2007) and others.  This value within the design 
process is dependent on the accessibility and proximity of the sketching media, whether it is 
hands on physical material or paper and pencil.  Driving realistic simulated material into the 
design tool pushes the digital design tool further towards sketching. 
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This reduction of distance between the designer and the material he is working in, places 
material behavior back into the same role, albeit with less fidelity and saliency, as it has in craft.  
 The design mode changes to designing with material rather than designing for material.  
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Counterpoint: Should designers be highly rational? 
As a counterpoint to the current argument, I raise a question that is core to the relationship of 
the designer and the design and one of the introductory questions posed to this thesis.  Should 
the designer pre-rationalize during design phase?  Isn’t consideration, or even knowledge, of 
the material constraints a barrier to the designer’s creative freedom to explore abstract form? 
In an ideal artistic sense, a designer can explore form in the abstract, but under most 
conditions, the designer is working in a environment where the problem is constrained by 
multiple real factors.   This includes having to actually instantiate the design into a final object.  
This requires the design to be rationalized either by the designer, because of tacit knowledge of 
the fabrication constraints (or in my proposed solution the tools guidance), or by another party 
that makes the form into a realizable object by post-rationalization. 
Should these roles be combined?  In the design sense, the designer uses his own knowledge of 
the problem space to constrain the solution and allow the solution space to influence the 
consideration of the problem.  However there is also exploration in the design space that 
“challenges” the constraint of rationalization with form.   This tension between the designers 
form and the rationalizers’ concrete need to realize the form within resource constraints can 
lead to new solutions for fabrication and construction methods. 
The answer is therefore both yes and no, there are phases in the design process when the 
designer should explore form without constraints (including both tool and material) and other 
times when the designer must consider collapsing the abstract into concrete form.  Designers 
must have the freedom to explore the design space both with and without rationalization 
feedback. 
Direction of Information Flow about Material Behavior 
Material can affect design decisions and design decisions can imply material choice or 
properties.  This work considers material feedback that informs the design.  Information flow 
downstream from the design to the material with no upstream influence is post-rationalization.    
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I am not proposing that design become highly rationalized, but that the designer should have 
the choice about the direction and fidelity that the ‘informing’ flows.  Allow the design to 
inform the material or the material to inform the design.   The features that inform the designer 
should be optional, and it may be more productive creatively to explore designs without 
consideration of the realization in early stages.  On the other hand, I feel that there is 
underutilized feedback from material in design.  The designer is distant from the material which 
has something to say. 
Expertise about Material Behavior 
What this paper examines is the material feedback received directly from the actual material or 
embedded in the tool.  In the absence of tools, this knowledge of the material behavior is still 
used in the design process, but is embedded in the designer’s experience and knowledge of the 
target material or fabrication constraint.  However, even expert designers who are highly 
experienced with a material cannot always predict the complex behavior and interaction in a 
design.  This indicates that even expert designers could benefit from material simulative design 
tools.  
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Chapter 4: Explorations in Material Responsive Design 
The purpose of explorations 1 and 2 is to investigate and illustrate the current state of design 
tools in their ability to model some physically simple material behavior. 
Further explorations 3 and 4 are done to build a tool that allows rudimentary simulation of 
material properties and expands on the features of a future simulative environment.  
Exploration 1 – The “Simple” Ribbon 
This shape is very simple and easy to calculate physically.   It 
is a simple band folded and joined at right angles and the 
material defines the shape (Figure 11). Reproducing this 
shape in the current digital tools was more challenging and 
illustrated the lack of facility to deal with real material 
behaviors.   
Deriving it in Autocad required decomposing the part 
mathematically to find a simple geometric solution for it.  
Using some basic assumptions from visual inspection, the 
edge of this figure is the intersection of a cylinder intersected with an extruded ellipse with the 
major radius being diameter of the cylinder.  Scaling, offsetting and lofting this line yielded the 
ribbon figure.  While this replicated the geometry it was a tedious and difficult way to use the 
tool. 
Attempting to derive the shape in a more simulative 
environment, Generative Components (Bentley Systems), 
using a “plank” construction object was also difficult within the 
tool and did not yield the same geometry.(Figure 12)  3
 
  
                                                     
3 Thank you to Kastuv DeBiswas for his assistance in attempting to solve this within GC. 
Figure 11 – Paper Solution 
Figure 12 – Unsucessful GC solution 
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Using the assumed mathematically ideal geometry, the shape could be generated using lower 
level geometry driven by the mathematical function.  I wrote a VB script within Rhino, based on 
the mathematical derivation of the shape that could generate the ribbon in any orientation. 
(Figure 13) 
The conclusion of this exploration was that the tools available 
for digital design were poor in generating even a simple 
physically defined figure without geometric derivation and 
using scripting to reproduce a digital model.    
Figure 13 – Deconstructed and 
Scripted Solution 
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Exploration 2 – Twisting in Non-Uniform Planks 
To further explore the gap between the design tool behavior and the physical behavior of 
material, I focused on twisting which is a similar problem to Exploration 1 in that the material 
defines the shape.   Starting with a shape that varies in width (Figure 14), we twist it in the 
digital design tool (in this case Rhino using the TWIST command). We get a uniform twist across 
the entire length.  
 
Figure 14 - Non-Uniform Column Shape 
At 50% of the length, the twist angle is 50% of the total twist in the plank (Figure 15) and 
different profile planks behave similarly. 
 
Figure 15 - Uniform Angle in Non-Uniform Plank 
 
This, however, is not how physical planks twist.  As the width of the plank changes, the stiffness 
to twisting changes and that affects the shape.  The shape is a physical solution to the twisting 
activity, much as an ideal membrane is a solution to minimize surface area. 
Figure 16 - Twisted Columns in Rhino 
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This is the tool only working at the raw geometry 
level and not simulating for the designer how the 
material actually behaves.  If the designer did not 
expect or discover this behavior, through expert 
knowledge of the material or by prototyping, it 
could lead to fabrication problems or issues with 
assembly during construction.  
Even though this behavior and driving geometry 
is very simple, the solution is not available in any 
of the popular design tools (Autocad, Rhino, 
Digital Project) 
To confirm the physical behavior, a prototype 
variable width plank was twisted and the twist 
followed the non-uniformity of the width.   
To model this twisting in any of these design tools would involve a process similar to the results 
of Exploration 1.  You would need to derive the mathematical behavior of the material and 
generate the geometry by building a tool using scripting.  This is obviously not a general 
purpose solution for modeling even simple material behaviors. 
From this exploration it is clear that for even for the simplest twisting the designer’s toolkit 
does not support an easy way take into account the material behavior. 
 
 
 
Figure 17 - Non-Uniform Twisted Columns 
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Exploration 3 –Plank Simulation in Processing 
If existing tools can’t provide the material feedback, can I build a tool that simulates material 
that would apply to the problems illustrated above?  To build a tool, we need to understand the 
physics, verify the understanding using a physical model and then build a tool that simulates 
the behavior. 
Simulating Materials – Limiting the scope 
The full range of material behavior in a simulative design tool is beyond the scope of this work 
and in fact beyond current technology.  To limit the scope to a representational case study, I am 
limiting the behavior to bending of simple beams of isotropic, plastic materials operating within 
the proportional limit or yield point of strain in the material.  For clarity, I will explain each 
factor separately: 
Simple beam means that the shapes represented are simple rectangular sections, although the 
section might vary along the length of the beam.  
Isotropic means the material is of constant consistency across the volume.   
Plastic means that the material has no memory of strain, it rebounds to the original dimension 
when a deformation force is removed and 
ductility is ignored 
Operating within the proportional limit (or 
yield point) means the material yielding or 
breaking down is not considered and linear 
deflection to the force placed upon it is 
assumed.  and proportional limit (Figure 18, 
point 2) and yield point (Figure 18, point 3) 
are slightly different, but for the purposes of 
rough simulation both are assumed to be infinite. 
Figure 18 – Stress-Strain Curve 
http://en.wikipedia.org/wiki/File:Metal_yield.svg 
Used under Wikimedia Commons license 
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Understanding the Physics of Simulating the Material 
Below the yield points of materials, strain behavior is linear and can be quantified by calculating 
Young’s Modulus (E in Figure 18), which is a measure of the slope of the stress-strain line.  A 
given amount of force causes a proportional amount of stress in the material.  This strain can be 
used to compute the deformation of the body.  
To understand the stress-strain curve, we need to understand the components. (Parnes, 2001, 
pp. 3-17)  Stress is defined as the amount of internal stress in the material. 
𝜎𝜎 = 𝑃𝑃/𝐴𝐴 
Where P is the force and A is the area that the force applies to.  In a simple sense of tension in a 
square rod, it would be the cross section area of the rod.   
Strain, which is a measure of the proportional deformation of the material, is defined as: 
𝜖𝜖 = 𝛿𝛿/𝐿𝐿0 
Where 𝛿𝛿  is the deformation displacement (labeled l in Figure 18) and L0 is the original length.  
In this simple case, this would be the change in length of the rod when the force P is applied. 
In a perfectly elastic behavior the relationship between 𝜎𝜎 and 𝜖𝜖 is linear with a slope of Young’s 
Modulus (E).  This reduces to Hooke’s Law which says that in springs, and indeed all elastic 
materials within the yield limit, the displacement is generally linear to the force.   Young’s 
Modulus is typically given in units of N (Newtons, a unit of force)/m2 also known as Pascals (Pa).  
Steel has a commonly accepted value of 200Pa, Wood ranges between 9 Pa (Pine) and 11 Pa 
(Oak) (with the grain but the material is assumed to be roughly isotropic).  Typically this value 
holds in both compression and tension although the region where Hooke’s law holds may be 
asymmetrical to the relaxed dimension. 
Extending Hooke’s Law to Materials Simulation 
To model the physical behavior of materials based on the simple constrained theory described 
above we have to generalize the springs into a solid body of material of any shape.  This can be 
done traditionally by complex partial differentiation calculations including various strategies to 
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reduce the complexity for commonly used engineering forms or by using Finite Element 
Analysis (FEA).  FEA reduces the partial differentiation to a series of calculable, if approximate, 
solutions and makes digital computation possible.  Simplifying this further, materials can be 
simulated as a matrix of springs that obey Hooke’s Law and point nodes which connect the 
springs and provide mass.  This reduces the calculation to produce realistic material simulation 
in real time. (Choi, Sun, Heng, & Zou, 2004) 
In a simple case, this can be illustrated as a cube 
with each of the nodes connected by a spring 
(Figure 19).  Each of the red nodes is simply a 
connector with a mass and each of the lines is a 
Hookean spring.  To provide a realistic simulation 
of a solid material, the model needs both the 
rectilinear (x,y,z) spring forces and the diagonal 
spring forces (a, b, c)  to provide shear tension. 
FEA is a well established method for structural 
analysis and computational tools are in use to allow 
detailed simulation of structural behavior.  As mentioned above, this is not embedded in the 
design tool but used as part of the engineering rationalization process in an extended feedback 
loop in the design process.  
Using a Spring-Node System to Simulate Material in Processing 
To simulate material behavior in Processing (Processing.org), the Particle System work by Simon 
Greenwold, modified by Steven Fry for Processing (PSystem Site from the 2004 Gaudi 
Workshop ) can provide a framework.  This provides the basic object library of behaviors for 
springs and nodes within Processing. 
This method has been observed to have some of the properties we are looking for, although 
without the theoretical background to explain the value: 
Figure 19 – Basic Spring-Mass Element 
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“Simulation is typically seen as an engineer’s tool for analyzing the structural phenomena in 
particular material arrangements. This removes it from the realm of design investigation. When 
material and structural properties can 
be embedded into simple components of an accessible digital process, then iterative design 
experimentation can be engaged. An example of this has been discovered in the use of springs 
within the Processing programming environment.” (Fleischmann & Ahlquist, 2009) 
 
To simulate sheet material, the basic 
node can be extending into a two 
dimensional sheet. (Figure 19)  The 
two dimensional sheet is isomorphic 
and fixed at one edge providing a 
simple a two dimensional deflection 
that is extruded along the fixed edge. 
As this grid is subjected to gravity, the 
material behaves in a realistic way 
both dynamically and once static 
equilibrium is reached. 
Although subjectively this looks like 
real material (albeit very flexible), is 
the simulation accurate? Is this truly 
simulating physical behavior?   
  
Figure 20 - Sheet of basic nodes 
Figure 21 - Basic grid fixed one edge and subjected to gravity 
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Material Calibration 
In order to simulate materials, we need to calibrate the virtual material against a physical 
material. 
The material chosen for simulation is 3mm Okoume 3-ply plywood.  An experiment was 
performed using a beam setup to roughly measure Young’s Modulus of Elasticity for the 
material. 
The testing of the plywood was done as described in Appendix 1.  This yielded a calculated 
Elasticity of 3mm luan 3-ply as 757x103 psi3 with a standard deviation of 59x103 psi3.  This rough 
result is within the scale of results for Southern Pine 3-ply plywood (1814 x103 psi3) (Biblis & 
Chiu, 1970) and Douglas Fir (1574 x103 psi3) (U.S. Forest Service Research Note FPL-059, 1964, 
p. 27).  A lower result for the test Okoume may be because of the linearity of the elasticity 
curve at the experiment loading. 
Elasticity is equivalent to the spring stiffness in the Processing model but the parameters in 
Processing are unit-less, so conversion factors needed to be calculated. 
The same experiments to the physical material were done with the simulated board as 
described in Appendix B.  This experiment established a scaling factor for length, chosen in 
building the model, and weight, derived experimentally with the model. 
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Model Validation 
This scaling factor was validated by loading the model with the physical experimental weight 
and achieving a similar result (Figure 22) 
 
Figure 22 - Model simulating experimental values  
(note the value of deflection of 1.76in) 
This exploration showed that it is possible to simulate material in a real time environment and 
duplicate physical experimental values for elastic behavior.  This is the first step in developing a 
tool that provides this simulative environment in a design tool. 
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Simulating Exploration 1 
The Processing tool developed to simulate the material behavior was also applied to 
Exploration 1.  A slight modification to the model, by adding ‘glue’ springs in the location and 
orientation that simulated both the twisting and glue in making the ribbon physically (Figure 
23).  
This simulation proved successful.  The simulated 
ribbon recreated the geometry found in the paper 
ribbon, although the shape of the object deviated 
slightly from both the physical and the theoretical 
model. 
I believe this difference was due to the calibration 
of the model for plywood versus paper and 
complex sheer versus bending behavior in the 
paper construction.  I was  unable to confirm this. 
One unexpected behavior of the model was 
breakage of the plank when under too much 
pressure from the closing of the loop.  This 
occurred when basic elements (Figure 19) were 
trying to represent an angle of over 90 degrees.  
This represents a failure of the model, but suggests 
that this mechanism could be used to simulate 
bending failure. 
 
Figure 23 - Partial Solution to Ribbon in Exploration 1 
Figure 24 - Broken plank in ribbon model 
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Exploration 4 – Materially Responsive Design Tool Attributes 
Having illustrated that design problems that incorporate material feedback are difficult to solve 
in conventional digital design environments and it is realistic to simulate material in a digital 
environment, how can design problems be solved in a simulative environment?  Operations on 
physical material can be examined and compared with operations provided by digital tools.  
Simulative operations that are missing or weak in existing tools can be illustrated as a reference 
for future tool builders.   
Design Environments / CAD Systems 
Digital Design systems may have differences in user interface but all have similar primitives and 
operations performed on the primitives.  These environments may vary in what they 
manipulate on a detail level (NURBS, Solids, etc) but most objects in the design environment 
are abstract geometry without reflecting actual material behavior. 
Existing design systems have a deep history leading back to the original CAD/CAM 
implementations of Sketchpad at MIT (Sutherland, 1963) and the history of the automation of 
the paper-based engineering process.  What is outlined in this chapter is not focused on 
analyzing existing design systems which have been examined elsewhere, but looking forward at 
the gaps in functionality and future systems for design. 
This history and the power of computing have led to design tools that focus on abstract objects 
in order to remain general purpose, and until recently were limited by available computing 
power.  Architectural design has been late to embrace the technology and has adopted tools 
originally developed for other fields such as mechanical or aerospace engineering.  These fields 
are using highly-isomorphic materials and do not have the same emphasis on design 
exploration as Architecture or Industrial Design.  This has limited the value of the tools to the 
designer. 
The difference between these tools and what I show here is that while these tools use 
metaphors of material to help modify three dimensional shape, the shapes themselves do not 
speak to the designer.  The primitives are static and ‘perfect clay’ and are not simulative of true 
materials like the bending behavior shown in the investigations above.  
 55 
Instead of extending existing tools, the problem can be examined from a simple design use-
case.  This may shed new insight on the design of tools to support this argument. 
What type of materials do Architects use and what more generic classes of behaviors and 
manipulation? 
Types of Material 
To examine the digital simulative environment in detail, the types of material, constraints and 
operations can be examined.  Materials used in architecture largely fall into a few classes, 
categorized by the types of physical manipulation that are performed on them which 
correspond to areas freedom in design: 
Material Class Examples 
Sheet goods Plywood, Steel Deck, Stone Facing, Glass, Wood 
Boards, Pre-Fab Structural Insulated Panels (SIP) 
Standardized Pre-manufactured 
components 
 Simpson Ties, Windows, Doors 
Pre-formed linear materials  Steel Studs/Beams, Tubing, Rebar, Wood 
Studs/Beams 
Non-Manufactured Natural Material  Stone, Rough Hewn Beams, Raw Trees, Site 
Landscape 
Membranes  Fabric canopy, plastic film and fabrics, Ropes, 
Cable 
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Operations on Material 
The manipulation that can be applied to these materials can be also be classified: 
Operations Examples 
Attaching, continuous Welding, gluing 
Attaching, connectors/interference Bolting, nailing, interference fit 
Cutting Cutting two-dimensional geometry of sheet, 
Cutting linear materials 
Bending Twisting, Bending of Sheets 
Stretching Tensioning Membranes or Cables 
Forming Shaping wood, CNC Cut of three dimensional 
parts, Sculpting 
Molding Pouring Cement, Cast Metal Components 
 
Note in the special case of molding, the manipulation of the material is in the negative, by way 
of the manipulation of the forms through other operations. 
Current traditional design tools such as Autocad, Bentley, Rhino, Digital Project and others 
support most of these operations but lack built in support for feeding back the material 
behavior and constraints directly as well for providing robust operations for simulating bending 
or stretching.  The explorations above have focused on a whole range of design alternatives 
which involved bending or twisting that are unavailable to a designer using one of these tools.   
These operations are dependent on the physical characteristics lacking in traditional 
implementations. 
We can show how these features would be added to traditional tools, although the feasibility of 
retrofitting current software with a whole new type of object behavior and temporal based 
simulation may not be feasible.  To illustrate the material related features we are showing mock 
ups of additions inside the Rhino environment. 
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We can illustrate this by following a scenario with sheet material to show simulated 
manipulation.  The material could be wood or paper or other material manipulated in the 
elastic zone of deformation.  In an expanded tool, malleability, nonlinear and asymmetric 
elasticity curves could also be modeled. 
Additional features needed for Design tools to support 
material: 
Creating the object involves specifying the material properties.  This 
can be done from a dialog box like changing the properties of the 
NURBS solid (Figure 26).  This could be done by directly 
manipulating the physical behavior or using a material library which 
would have pre-configured types of material.  This is different than 
the visual materials library used for rendering. 
Objects can be manipulated with traditional tools for cutting, 
splitting, boolean solid operations and mesh editing that affect the 
physical boundaries of the object without regard for materiality.  
This is standard functionality of these tools. 
An object can be ‘relaxed’ into the default state and ‘glued’ to a 
plane (Figure 25).  Note that the relaxed state of an object might be 
one of curvature or even an 
intermediate state of 
construction.  A malleable 
object may have the relaxed 
state change with the 
application of forces.  
The act of gluing the object fixes 
these points in relation to some other object, in this case the world UCS.  In this mockup, the 
yellow arrows indicate the ‘glued’ fixed patch that is attached.  This patch of gluing could be any 
Figure 26 - Changing Material 
Properties 
Figure 25 - Plank created, relaxed and anchored to a plane 
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shape, but here it is rectangular.  In more sophisticated environments gluing could have yield 
strength. 
Springs can be assigned to points on the surface, edges or to whole planes and the object 
responds the same way a physical material would behave.  Springs have force and direction.  
The direction could be normal to the plane or pointing at some other point, either fixed or on 
another object.  The designer should be able to attach a spring to a dynamic point and 
experiment with the material behavior in real time (a spring anchored in a dynamic point).  
 
Figure 27 - Plank anchored and force applied to an edge 
 
The object should indicate the limits of elastic 
deformation.  The failure mode of real material is very 
complex, but the environment should give some indication 
of the limits of the material bending.  In Figure 28, shows 
that the elastic limit of the material has been reached and 
it has kinked or snapped in this area.  It should be clear to 
the designers that they are approaching or past the limits 
of deformation. 
The object can be redefined with different material and 
the object will respond to that change given the force and 
Figure 28 - Material elastic limit reached 
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gluing that had occurred. 
Objects should allow interference with other objects and they should be able to exert pressure 
just as solid objects should be expected to behave. 
 
Figure 29 - Two planks glued together 
Chains of operations should be supported, so gluing one plank to another, should behave 
properly (Figure 29).  (Note that due to limitations in the current tools, the torque that should 
be introduced into the lower plank is not shown). 
 
Conclusion 
The digital design tools have most of the operations to build the basic elements for simulation, 
but lack the associated material properties to objects and providing a simulative environment 
inside of the tool, with the exception of visualization. 
Extending existing environments to support material properties and simulation provides a more 
efficient way to build using real materials.  Considerable effort is in these tools are spent on 
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rationalization and on trying to simulate material, and this solution hints at an easier interface 
when dealing with material manipulation. 
As you can see from the sequence above, there is also an inherent assembly process and this 
would also be true of the fabrication process.  The tool should be able to ‘build’ the part 
virtually, including fabrication and assembly.  This ‘building’ should be largely transparent to the 
user, simply part of the way the model gets built.  
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Chapter 5: Conclusion 
 
With the increasing fidelity of simulative environments, the capability is emerging to move out 
of purely technical assembly and engineering digital environments into environments that are 
simulative and mimic physical manipulation of material.  This advance will provide the designer 
with an environment that allows early materialization of abstract form and provides feedback 
that has been shown in this thesis to have value to the entire process.  This value is found in the 
initial design stages and during post-abstract rationalization of the material. 
Beyond more closely coupled feedback of abstract design followed by materialization, the 
digital design environment can realistically simulate material for the designer’s direct 
manipulation.  This reversal of typical design information flow, where the material is much 
more an influence to the design, would bring the digital tools much closer to the craft process.   
This research and exploration has produced several conclusions: 
- Material feedback in design tools has strong theoretical support 
- Early rationalization has value to the downstream process after conceptual design, 
both in design quality and project economy 
- Feedback of material behavior in digital tools has been shown to be a progression of 
providing a tighter feedback loop for the designer 
- Commercial design tools only weakly support material simulation 
- It is possible to build tools that effectively simulate the behavior of material within 
constraints 
- Having digital simulative environments opens new areas for design exploration and 
material use. 
We can project forward in this direction in simulative digital design tools to posit a future set of 
design tools that provide near realistic manipulation and feedback of material behavior. 
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The Future of Digital Design Environments 
As design environments progress, I believe that simulation will play a large part in giving 
designers more freedom to explore the design space.  This will lead to features either in 
extension of current tools or to entirely new environments that will complement or replace 
existing ones.  The experience of the designer may return to craft process with dependence and 
reflection on material behavior in the design. 
Some features that can be extended from this study include: 
- Inclusion of existing natural materials into designs 
- Having physical behavior driven by abstract geometry (rationalization) 
- Shaping material to optimized for the performance required (performative design) 
- Offering non-deterministic behavior in simulation including deliberate manipulation of 
the material outside of the elastic zone of deformation (breaking, bending, tearing) 
- Simulation of physics between objects as well as manipulating individual objects 
- Prototyping or assembly without an intermediate step of applying fabrication 
constraints 
These features are exciting glimpses into a new design experience that will certainly emerge in 
the next few years, an experience where the designer has control over the geometry and can  
play with material without having to go through a physical prototyping loop.   
This return to the physical craft of design returns the designer to be a virtual master builder, a 
builder with feedback from the material during the design process who can use that 
understanding to drive innovative and exciting designs. 
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Appendix A: Testing for Material Elasticity in 3mm Okoume plywood 
A brief experiment was done to establish Youngs’ Modulus for the target material of 3mm 3-ply 
Okoume plywood.  This was done to roughly calibrate the material behavior in Processing. 
A jig was built to support the beam by two linear guides 24 inches apart.  A line was established 
at these supports and deflection was measured from this datum.  A lead weight of 3.41 lbs was 
placed in the center of the beam and the deflection measured from the datum to the top of the 
beam.  The beam was tested that the experimental deflection was in the elastic limit and that 
no permanent deflection was occurring.  Each of the beams tended not to be planar due to pre-
loaded stress.  Measurements were taken from both sides and averaged to account for this. 
 
There was a 2”+material thickness (3mm=0.1181in) measurement offset due to the measuring 
technique.  The weight of the material itself was insignificant and evenly distributed for the 
calculations. 
Elasticity was calculated as 𝐸𝐸 = 𝑃𝑃𝐿𝐿348𝑌𝑌𝑌𝑌 where P = weight, L = length, Y is the deflection of the 
beam, I is moment of inertia calculated as 𝑌𝑌 = 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 ℎ∗𝐷𝐷𝐷𝐷𝐷𝐷𝑊𝑊 ℎ312 . 
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Sample# 
(R is 
reverse 
loaded)
Raw 
Measure
ment
-2" 
Measurement 
Offset
Material 
Thickness 
(3mm 
nominal)
Average 
Deflection(Y)
Elasticity 
(psi3)
0.1181102
1 3.375 1.375 1.257
1R 3.09375 1.09375 0.976 1.745 728018
2 3.5 1.5 1.382
2R 3.25 1.25 1.132 1.948 652098
3 3.25 1.25 1.132
3R 3 1 0.882 1.573 807573
4 3.25 1.25 1.132
4R 3.0625 1.0625 0.944 1.604 791841
5 3.25 1.25 1.132
5R 3.03125 1.03125 0.913 1.588 799630
6 3.3125 1.3125 1.194
6R 3.0625 1.0625 0.944 1.667 762145
E 756884
P= 3.40625 lbs StdDev 59092
Width 5.625 in
Thickness 0.1181102 in
A=X*Y 0.6643701 cross section area 
Moment of Intertia (I) 0.0007723 psi3
L= 24 length of beam
P/Y(average)= 2.019 proportionality  
This gives a Young’s modulus of elasticity of 756kpsi3, which is within a reasonable factor of the 
documented experimental values for ½” 3-ply spruce plywood of 1500-1800psi3. 
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Appendix B: Testing for Elasticity in Virtual Material 
To calibrate the digital Processing model against the physical model we need to derive a unit of 
proportionality between the physical model and the virtual environment.  There are no units in 
the Processing model to reference except the geometry. 
The processing model was built with a 0.05 model units equal to 1”, so the 24” beam was 480 
units long and 110 units wide. 
The formula for elasticity 𝑊𝑊𝑖𝑖 𝐸𝐸 = 𝑃𝑃𝐿𝐿348𝑌𝑌𝑌𝑌  or  𝐸𝐸 = 𝑃𝑃𝑌𝑌 × 𝐿𝐿348𝑌𝑌 where 𝑃𝑃𝑌𝑌 is the proportionality between 
the elasticity and the geometry of the sample.  If we fix the elasticity at an arbitrary number, 
P/Y is linear to the geometry.  Since the geometry is fixed and the conversion known finding the 
deflection will yield the conversion factor for weight (or more generally force). 
To simulate weight, the model was run with a test mass evenly distributed across the mid point 
nodes in the lower surface parallel with edges.  The edges were fixed only in the z-axis, so that 
the geometry is allowed to slip on the pivots, just as the physical model does.  Note that the 
pivots do not stay fixed in the model as they do in the physical experiment but given the ratio of 
the deflection to the overall length, this should not introduce much error. 
The model was roughly calibrated visually to give similar results by altering the parameters 
including spring tension and weight range.  This found a fixed Spring value of 500 worked well, 
this is a scaled value to elasticity and an arbitrary constant. 
 The model was run at model weight units between 0 and 3 and allowed to settle to value 
which was recorded. 
The resultant average ratio of weight to deflection (P/Y) was 0.95 model weight units to 
deflection inches. If we compare this to the real world value of 2.019 we can create a 
conversion factor of 2.019/0.95 or 2.131module weight units to the pound. 
Feeding this back in to the model to simulate the physical modeling, we can establish that 
indeed loading the model with the experimental value of 3.41lbs (1.60 model weight units) 
results in a deflection of 1.76 in, very close to the actual measured value of 1.69 in.  
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Experimental Values Processing (arbitrary units=mu) 
    
        
 
0.05 in/mu 
     
 
Length(mu) Length (in) 
     x 110 5.5 I=(x*y^3)/12= 0.000753056 moment of inertia 
 y 2.36 0.118 
     
        L 480 24 E1 (at P/Y=1) =  382441.51 Elasticity with P/Y=1 
        Spring Strength 
      
E=2 P (weight) 
Y (deflection, 
inches) 
 
dP/dY 
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Average Slope of Weight to 
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